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Introduction
In order to ensure a sufficient lifetime of the divertor material for future fusion devices such as ITER, it is important to operate the fusion devices with at least partial detachment [1, 2] . At the same time, low hybrid wave (LHW)-induced particle and heat flux striations on the divertor also play a key role in reducing the peak heat flux and erosion at the main strike point, thus facilitating long-pulse operations [3] . Understanding of the detachment process with LHW-induced particle and heat flux striations is a prerequisite to achieving well-controlled detachment in a long pulse operation. Divertor detachment is normally characterized by a strong reduction in the total particle flux to the target plates [4] .
Meanwhile the plasma temperature in front of the target is reduced due to the enhanced volume recombination via collisions [4, 5] . With the evolution of the detachment process, the recombination region moves into the divertor volume by approximately following the separatrix from the target [6] . After the high electron density (n e ) region is retracted from the target, the Langmuir probes (LPs) embedded in the target do not provide useful information about the plasma in the divertor volume [7] . In order to understand the dominant physical mechanisms that govern detachment, it is important to acquire effective plasma parameters to constrain theoretical models. The analysis of the Stark shift and the broadening of the spectra is one of the most important techniques of plasma diagnostics, especially for determining plasma electron densities [8] . Hydrogen is the ideal candidate for conducting this type of plasma diagnostics for two reasons. First, it is the simplest atom and, therefore, the simplest to model. Second, due to the degeneracy of the energy levels they are subject to the linear Stark effect which is much stronger than the quadratic Stark effect [9] .
The Experimental Advanced Superconducting Tokamak (EAST) is a fully superconducting experimental device with largely improved and upgraded auxiliary heating systems, which can provide up to 30 MW in total heating [10] . So far, the upper graphite divertor has been replaced with an ITERlike tungsten mono-block divertor to support the higher divertor heat flux, up to 10 MW m −2 [11] . Divertor detachment has already been achieved in L-mode discharges sustained by LHW via plasma density ramp up in upper single null configurations.
This paper presents the details of the measurements and the characteristics of the electron density in the detached plasma in the tungsten divertor. The theory of Stark broadening (SB) and its application conditions are shown in section 2. Section 3 discusses the influences of different broadening mechanisms. The results and discussions are given in section 4. Finally, the conclusion is presented in section 5. Figure 1 shows the geometry of the spectroscopic lines of sight (LOSs) in the outer W divertor of EAST. During this work, only the LOSs connecting to the blue spots at the outer target were available. The collected light is transmitted via 40 m ultraviolet hard cladding silica optical fibers to a Czerny Turner spectrometer and then focused on an EM-CCD camera. A detailed description of this spectroscopic system is given in [12] . With vertical binning, a simultaneous measurement of 16 LOSs with temporal resolution of 5.3 ms can be achieved. The entrance slit of the spectrometer was set to 30 μm, yielding a Gaussian-shaped instrument function as shown in figure 2 . And the full-width at half-maximum (FWHM) of the instrument function is 0.129 nm. Figure 3 presents an example of a fit to the measured D ε line with a FWHM of 0.234 nm.
Diagnostic setup

Theory
The plasma in a tokamak divertor is made up of both charged and neutral particles. Neutral atoms at different locations in the plasma are subject to different electric fields which may fluctuate with time due to the relative movement between atoms and the charged particles surrounding them. This perturbed electric field changes the eigenvalues of the energies of the atoms, partially breaking the degeneracy of the atomic levels, this is known as the Stark effect [13] . The distribution of emitters and charged perturbation particles in the plasma exert a direct effect on the observed spectral line emission, Figure 1 . Geometry of the spectroscopic lines of sight (LOSs, black and green), as projected on the poloidal plane, in the outer W divertor of EAST. Only the LOSs connecting to the blue spots at the outer target are adopted for SB density calculation due to the limited detection capability and also considering the lower density limit. Also shown are Langmuir probes (black and green) embedded in the target plane and the separatrix of shot #64779 (red). which results in a variation in line shape, width, and position [14] . Therefore the spectral line is an ideal tool for density measurement once the relationship between spectral line shape and particle density is known. The special type of pressure broadening resulting from charged particles is called SB.
In the line broadening analyses, two mathematical treatments are usually adopted depending on whether the effect of the electric fields is dominated by electrons-highly mobileor ions-slower, due to the large mass [15] . In first case with very fast interactions, impact approximation is valid when the duration of effective perturbations is short compared to time scale of the atom optical emission [16] . At the other extreme, the electric field produced by the ions varies slowly at the position of the radiator during the emission process and the plasma micro-field splits and shifts the energy levels of emitters by the Stark effect, which is a quasi-static approximation [9] . To account for both fast (impact) electron and much heavier (quasi-static) ion broadening, the line profile can be obtained by convoluting both effects, assuming statistical independence, and averaging over all possible electric field strengths [7, 14, 16] . Approximate widths of lines emitted by hydrogen and hydrogen-like ions of nuclear charge Z can be obtained in the quasi-static approximation [9] . In figure 4 , the fraction r 0 /λ D , a measure of the Debye shield effect is shown for different densities and temperatures. r 0 is the average distance of the particles with = p r n 1, For the plasma parameters in this study (discussed below), one can assume r 0 /λ D ≈0 and then the Holtsmark distribution function can be used accurately. However, at very low temperatures T e ≈1 eV and high densities n e >1×10 21 m −3 are values of r 0 /λ D >0.2 reached and the deviation from the Holtsmark distribution has to be evaluated [17] . So the Stark FWHM of the line profile can be written in wavelength units [9] l l where n p and n q are the quantum numbers of the upper and lower levels of the line, respectively. Z refers to the nuclear charge of the emitting ion and z to the charge of the perturber ions. The electron density can be calculated using this approximation. The actual widths are usually smaller since the Holtsmark distribution neglects ion-ion interactions and Debye screening. Moreover, theoretical calculation [18, 19] also produces tables of Stark broadened hydrogen line profiles for a wide range of plasma conditions, providing another method for density acquisition in the framework of magnetic fusion research. A comparison of SB density calculation based on the quasi-static approximation used in this work and the computer simulation method in [20] have been performed as shown in figure 5 . It can been seen that in the density range of 5×10 19 -2.5×10 20 m −3 , the n e calculated based on quasistatic approximation is lower than that using the computer simulation method, but the discrepancy is within 17.4%, and the dependencies of n e on the SB FWHM using the two methods are similar. It can also be seen that the discrepancy starts to increase after the n e ramps to around 2.5×10 20 m −3 . For this density range in divertor, the collisional radiative models [20] [21] [22] have to be used to evaluate the dependence of the excited populations on the the dominant populations. The emissivity of the Balmer D ε line (396.9 nm), n=7→n=2, which is analyzed in this work, is written as [4] 
where n D +0 and n D +1 are the neutral deuterium and ionized deuterium densities, respectively. And f is the fractional abundance determined by the ratio of the neutral or ionized deuterium density to the total deuterium density n D : f +0,+1 = n +0,+1 /n tot . It should be noted that deuterium is used in the experiment, but the atomic data is for hydrogen.
The expression in the brackets in the above equation is called the total line emission coefficient (TEC) which incorporates the photon emissivity coefficients (PEC) for recombination and excitation. Figure 6 (a) shows D ε PEC exc and PEC rec for two different densities, which is based on the Comparison between the densities calculated using equation (1) based on the quasi-static approximation and using the tabulated SB profile of D ε in [19] . For the second method, two electron temperature cases, 1 and 3.5 eV, are exemplified in the figures.
ADAS database [23] . The TEC for D ε is illustrated in figure 6(b) , in which we can see that the TEC reaches a peak at T e ≈1.5 eV then goes down rapidly as T e declines further. The reason is that the ionized deuterium decreases strongly and thus the plasma is dominated by recombination.
In divertor detachment regime, line-ratio analysis implied CIV radiation was dominant in the region of T e ∼9-11 eV, and CIII in the region of T e ∼6-8 eV. Near the strike point deuterium radiation became dominant in the region of T e 5 eV [6] . It can be seen in figure 7(c) that the ion saturation current for the LP around strike point rollovers around 5.3 s, indicating the onset of detachment. The intensity of D ε become strong enough for line shape analysis only after the onset of detachment which has been shown in figures 7(d) and (e). Figure 7 (b) shows a temporal evolution of the CII and the D ε line emission from the upper-outer divertor in shot #64779. It can be seen that the emissivity of the D ε line intensity starts to rise rapidly as the emissivity of the CII line peaks and decreases drastically. This could suggest that the electron temperature drops to below 5 eV. D ε TEC for two different densities have been shown in figure 6(b) . It can be seen that the TECs reach a peak at T e ≈1.5 eV, and then go down rapidly as T e declines further. However, the emissivity of the D ε line keeps rising until the end of the discharge, which may indicate that the electron temperature is higher than 1.5 eV. So it is appropriate to assume that the electron temperature is between 1.5 and 5 eV during 6-8 s in shot #64779.
The influences of different broadening mechanisms and the diagnostic setup
There are also other types of broadening besides SB that influence the line profile. The Zeeman effect is caused by the magnetic fields, Doppler broadening is caused by the temperature of emitting atoms, and finally, the instrument broadening is caused by the entrance slit of the spectrometer, which is a Gaussian shape.
The Zeeman broadening width is given by [24] 
Based on the above formula, the width of the Zeeman broadening is about 0.0184 nm for a typical EAST toroidal magnetic field of B t =2.5 T. The width of SB of D ε is approximately 0.1 nm with the electron density at 6.9× 10 19 m −3 . The theoretical calculation also demonstrates that the influence of the Zeeman splitting on the line broadening can be neglected for the high members of the Balmer series, e.g. D ε [7] .
A Doppler profile is Gaussian shape with a FWHM given by
where T is in eV and μ is in atomic mass units [24] . In order to reduce the effect of the Doppler broadening on the SB density calculation, the temperature of neutral deuterium (T n ) is assumed at 3.5 eV for the Doppler broadening calculation. The actual temperature of D neutrals is unknown, but should be in the range of 1.5-5 eV due to the collision processes in the high density detached plasma. The similar work in ASDEX-Upgrade tokamak [7] took an assumption of T n =5 eV considering the maximum Frank-Condon dissociation energy of recycled neutrals. The relative error for calculated SB density due to this assumption is evaluated with density increasing as shown in figure 8 . It can be seen that the relative error is lower than 19% with the electron density higher than 5×10 19 m −3
and decreases further to less than 10% when the electron density increases to be higher than 8.5×10 19 m −3 which is applicable for the detached plasma in divertor. Thus the assumption of constant Doppler broadening could cause a relative error no higher than 10% in terms of the detached divertor plasma. 
are the FWHM of the Voigt, Lorentz and Gaussian function, respectively. Finally, the electron density can be derived from formula (1). For example, the FWHM of the SB corresponding to figure 3 is 0.156 nm, deriving the electron density at 1.34×10 20 m −3 .
Results and discussion
In the L-mode discharge #64779, the central line-averaged density ramps up from 1. . saturation current at the strike point happens at 5.6 s with a line-averaged density of 3.81×10 19 m −3 , indicating the onset of detachment at the outer target. Figure 9(a) shows the poloidal contour of SB density calculated with the D ε line from 6 to 8 s in shot #64779 when the plasma in the outer W divertor is detached. Two separate density bands can be observed with higher density in the lower band. The density distribution calculated from the LP data at the target also presents two density bands as shown in figure 9(b) . The 3D fields induced by the LHW should be responsible for the two density bands [3] . The edge magnetic perturbations induced by LHW lead to the splitting of the divertor strike points and thus the formation of 3D divertor plasma footprints of particle and heat fluxes. The gaps between two bands in two diagnostics are similar, but with different positions at the target. This should be due in part to the helical magnetic structure since the LPs are located at O section of the EAST device, while the line radiation mostly comes from the divertor plasma at L section. Moreover, the spectroscopic line radiation used for the SB density calculation is the line-integrated emission along the LOSs across a toroidal space, in which the highest emission is radiated someplace within the SOL between the divertor target and the separatrix, i.e. away from the target and therefore shifted to the target coordinate. In contrast, the LP signal is just localized at the target surface. This can be further shown by the density evolutions in the two kinds of diagnostics. The line graphs in figure 10 provide a comparison of the density evolution at the two bands from the SB calculation and the LPs, respectively.
In the detached outer divertor, the n e from the SB calculation is higher than that from the LP in both density bands. For the upper density band, the peak n e calculated by SB is around 9.1×10 19 m −3 , over one order of magnitude higher than corresponding n e from the LPs after 6.5 s. For the lower density band, the highest SB density reaches 1.6×10 20 m −3 , nearly one order of magnitude higher than corresponding n e from the LPs, which is also about three times as high as the line-averaged density in the core plasma. These reflect the fact that the highest n e region moving into the divertor volume after being retracted from the target. The time evolutions of the densities in the two bands are also different between the two diagnostics. The densities from LPs in both bands keep decreasing with the development of detachment. However, the SB density presents different characteristics at the two bands; first, a rise followed by a continous drop observed at the upper band, and a steady rise observed at the lower band. After detachment, the high density front, which was in the strike point region, moves approximately along the separatrix into the divertor volume. This means a downward movement of the high density front from upper LOS to lower LOS, causing the different evolution trends in the two bands. Meanwhile, no evident change of the SB density in the area between the two bands is observed, which could be related to the striated particle flux distribution due to the edge magnetic perturbation.
Conclusions
The spectroscopic method based on D ε line SB measurements is applied to the plasma density calculation in the EAST W divertor. The quasistatic approximation is employed in the SB calculation of the D ε line from the detached plasma. The influences of other broadening mechanisms on the calculation error of electron density are evaluated and the applicable conditions of the method are discussed. The SB method is applied to the study of spatial distribution and time evolution of the electron density of a detached plasma in the W divertor. Two electron density bands are observed along divertor target during the L-mode discharge sustained by LHW heating, which could be related to the striated particle flux distribution induced by LHW. After the onset of detachment, the upper electron density band corresponding to the outer strike point firstly increases then decreases while the lower density band corresponding to striated particle flux presents a continual rise although the electron density from the LP at the divertor plate keeps a descending trend. This might reflect a downward movement of the radiation region. The spectroscopic SB method provides an effective tool for studying the density distribution in the detached divertor volume which is not accessible for LPs.
